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[57) ABSTRACT

A vehicle-mounted passive synthetic aperture system
for locating sources of electromagnetic radiation having
a given wavelength A. The system includes first and
second receiving antennas, a phase sensitive receiver
and a signal processor. The first and second antennas
are mounted to a vehicle and spaced apart from each
other in the principle direction of motion associated
with the vehicle. The first and second antennas respec-
tively provide first and second received signals in re-
sponse to a wavefront of electromagnetic radiation
having the given wavelength A. The phase sensitive
receiver is coupled to the first and second antennas and
responds to the first and second received signals by
providing a phase difference signal that indicates a
phase difference ¢ between the wavefronts of the radia-
tion of the given wavelength received by the respective
first and second antennas when the received radiation is
radiated spherically from its source. The speed of the
vehicle also is measured. The signal processor processes
the phase difference signal in combination with the
measured vehicle speed to provide imaging signals for
an object-space display of an image of the source of the
electromagnetic radiation in relation to the location of
the vehicle. The image is displayed. The system of the
present invention effectively uses the motion of the
vehicle to synthesize an aperture. The synthesized aper-
ture is long relative to the spacing between the receiv-
ing antennas (which spacing is limited by vehicle size)
so that angular resolution is greater than that of a fixed
antenna system with a baseline length equal to the spac-
ing between the receiving antennas of the present sys-

tem.

10 Claims, 6 Drawing Figures
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PASSIVE SYNTHETIC APERTURE SYSTEM FOR
IMAGING A SOURCE OF ELECTROMAGNETIC
RADIATION

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of applica-
tion Ser. No. 171,979 filed July 24, 1980, U.S. Pat. No.
4,422,076 entitled “PASSIVE SYNTHETIC APER-
TURE SYSTEM FOR LOCATING A SOURCE OF
ELECTROMAGNETIC RADIATION?™.

BACKGROUND OF THE INVENTION

The present invention generally pertains to electro-

magnetic communications and is particularly directed
to an improved system mounted on a vehicle for imag-
ing sources of electromagnetic radiation.
- Prior art systems mounted on a vehicle for locating
sources of electromagnetic radiation include a system
having a directional receiving antenna, a vehicle speed
measurement device and a computer for determining
the range from the vehicle to a remote source of radia-
tion as the vehicle moves past the source. Images can be
provided from the determinations of range and direc-
tion. Such system is described in U.S. Pat. No. 2,921,306
to Jaffe. Other prior art vehicle mounted systems in-
clude an array of antennas and receivers forming an
interferometer, wherein the baseline length for use in
resolving the location of the radiation source is limited
to the physical dimensions of the vehicle.

SUMMARY OF THE INVENTION

The present invention provides a passive synthetic
aperture system for locating a source of electromag-
netic radiation having a given wavelength A. The sys-
tem basically includes first and second receiving anten-
nas, a phase sensitive receiver and a signal processor.
The receiver can be tuned to receive multi-frequency
radiation.

The first and second antennas are mounted to a vehi-
cle and spaced apart from each other by a predeter-
mined distance in the principle direction of motion asso-
ciated with the vehicle. The first and second antennas
respectively provide first and second received signals in
response to a wavefront of electromagnetic radiation
having the given wavelength A.

The phase sensitive receiver is coupled to the first
and second antennas and responds to the first and sec-
ond signals by providing a phase difference signal that
indicates a phase difference ¢71 between the wavefronts
of the radiation of the given wavelength received by the
respective first and second antennas when the received
radiation is radiated spherically from its source.

- The speed of the vehicle 1s measured.

The signal processor processes the phase difference
signal past its point of closest approach to the radiation
source in combination with the measurement of vehicle
speed to provide imaging signals for an object-space
display of an image of the source of the electromagnetic
radiation in relation to the location of the vehicle.

The system of the present invention effectively uses
the motion of the vehicle to synthesize an aperture. The

synthesized aperture is long relative to the spacing be-

tween the receiving antennas (which spacing is limited
by vehicle size) so that angular resolution is greater than
that of a fixed antenna system with a baseline length
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equal to the spacing between the receiving antennas of
the present system.

The theory and operation of the invention and vari-
ous additional features thereof are discussed in relation
to the description of the preferred embodiment.

BRIEF DESCRIPTION OF THE DRAWING

- FIG. 1is a schematic block diagram of the system of
the present invention.

FIG. 2 schematically illustrates the receiving anten-
nas of the system of FIG. 1 mounted on an airplane.

FIG. 3 illustrates the phase difference signal provided
from a phase sensitive receiver in the system of FIG. 1
in relation to the displacement of the system when mov-
ing past a source of electromagnetic radiation.

FIG. 4 is a diagram showing the spatial relationship
of the receiving antennas of the system of FIG. 1 to the
electromagnetic radiation source and the flight path.

FIG. 5 illustrates the relationship of the flight path of
the airplane to the wavefronts of the electromagnetic
radiation emitted from the source.

FIG. 6 illustrates the instantaneous relative intensity
waveforms of the electromagnetic radiation received by
adjacent receiving antennas of the system of FIG. 1 in
relation to the displacement of the system when moving
past the source of electromagnetic radiation.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, the preferred embodiment of the
system of the present invention includes a first receiving
antenna 11, a second receiving antenna 12, a third re-
ceiving antenna 13, a first phase sensitive receiver 21, a.
second phase sensitive receiver 22, a speed measure-
ment device 24, a video display device 26, and a signal
processor 30. The system is carried by a vehicle such as
an airplane 32 (shown in FIG. 2), helicopter, missile,
ship, train, truck, automobile or van.

The first, second and third receiving antennas 11, 12,
13 are mounted on the top of the fuselage of the airplane
32 and are spaced apart from each other by a distance
“2d” along a center line running in the principle direc-
tion of motion associated with the airplane 32. The
antennas 11, 12, 13 are monopole antennas. Alterna-
tively, the antennas 11, 12, 13 may be dipole antennas

“having their receiving elements aligned with the princi-

ple direction of motion of the airplane.

The first, second and third receiving antennas 11, 12,
13 respectively provide received signals in response to
wavefronts of electromagnetic radiation having the
given wavelength A received by the first, second and
third antennas. |

The first phase sensitive receiver 21 is coupled to the
first receiving antenna 11 and the second receiving
antenna 12, and provides a first phase difference signal
on a line 34 to the signal processor 30 in response to the

first and second received signals provided by the first

and second antennas 11, 12. The first phase difference °
signal on the line 34 (as shown in FIG. 3) indicates the
phase difference ¢2; between the wavefronts of the
radiation of the given wavelength A received by the first
and second antennas 11, 12.

Referring to FIG. 3, it is seen that the phase differ-
ence ¢71 diminishes to zero as the midpoint X, ap-
proaches the tangential point 39 and then increases as
the midpoint X, moves away from the point 39 along
the flight path 37. In the waveform of FIG. 3, as dis-
placement from the tangential point 39 increases, the
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phase difference ¢ indicated in each successive cycle
is 360 degrees greater than in the preceding cycle.
The rate of change of phase difference ¢21 with re-
spect to displacement X, is greatly exaggerated in FIG.
3. |
Referring to FIG. §, it is seen that when the airplane

32 flies in a straight path past a spherically radiation
source 36, the flight path 37 of the plane 32 1s tangential
to one of the wavefronts 38 at a tangential point 39 that

is a distance R from the source 36 when the airplane 32
is closest to the source 36. As the airplane 32 moves
along the path 37, it is displaced by a distance X, from
the tangential point 39.

Referring now to FIG. 4, the first and second receiv-
ing antennas 11, 12 are shown as they move along the
flight path 37. A point X, midway between the antennas
11 and 12 represents the displacement of the airplane 32
from the tangential point 39. It is seen that the range
from the first antenna 11 to the source 36 is ri, and the
range from the second antenna 12 to the source 36 1s 3.

FIG. 6 illustrates the instantaneous relative intensity
waveforms 41 and 42 of the radiation of the wavelength
A respectively received by the first and second antennas
11, 12 as their midpoint X, moves along the flight path
37 past the source 36. The changes during consecutive
cycles 1s greatly exaggerated in FIG. 6. The scale for
displacement X, in FIG. 6 is not the same as the scale
for displacement X, in FIG. 3. It is seen that as the
midpoint X, approaches the tangential point 39, the
waveform 41 received by the first antenna 11 lags the
waveform 42 received by the second antenna 12, and
that as the midpoint X, moves away from the tangential
point 39, the waveform 41 of the wavefront received by
the first antenna 11 leads the waveform 42 of the wave-
front received by the second antenna 12. At the tangen-
tial point 39, the waveforms 41 and 42 are in phase with
each other. The phase difference between the wave-
forms 41 and 42 corresponds to the phase difference
71 indicated by the first phase difference signal on line
34 illustrated 1n FIG. 4.

‘The speed measurement device 24 provides a signal
on line 44 to the signal processor 30 to indicate the
measured speed of the airplane 32.

The signal processor 30 provides imaging signals on
lines 45 to the video display device 26 for display of an
image of the radiation source 36 in relation to the loca-
tion X, of the airplane 32.

First the signal processor 30 integrates the first phase
difference signal ¢»j to obtain the phase of the wave-
front received from the radiation source 36 by the first
and second antennas 11, 12 over a distance along the

flight path 37.
The phase difference 1s
¢21=A44/AX,, (Eq. 1)
where ¢ 1s the phase of the wavefront and A indicates a

finite increment. For small increments, the differential
form of Equation 1 is

d21=dd/dX,, (Eq. 2)
so that
dd=¢721dX,. (Eq. 3)

In general, the phase ¢ of the wavefront 1s the integral
of measured data
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= f$21dX,. (Eq. 4)

The signal processor 30 thereby computes the value
of the phase ¢ of the wavefront by integrating the phase
difference signal ¢>; on line 34 from the phase sensitive
receiver 21 over a given distance along the path of

motion 37 of the airplane as determined in response to
the airplane-speed-measurement-indication signal on

line 44. A given distance AX, is determined in accor-
dance with |

AX,=VAt. (Eq. 5)
where v is the speed of the airplane as indicated by the
signal on line 44 and At i1s an interval measured by an
internal clock in the signal processor 30.

The signal processor 30 further compuies 1mage in-
tensity for an image-space X-Y coordinate matrix in
accordance with the computed phase-of-the-wavefront
value ¢ and the measured speed of the airplane. The
signal processor 30 computes image intensity in accor-
dance with Huygens’ principle as expressed by

L (Eq. 6)
U = I exp(ip)exp(— imXy2/ANexp2wS/A)S~ 1dX,
—L

“f> 1s the focal length of a simulated lens. “S” is the
distance between the integration point X, and a general
point 46 in image space and as shown in FIG. 4.

S=VP +(X,—X))2 (Eq. 7)
P=Y;—Y, (Eq. 8)

Image intensity |U}2is computed in accordance with
Equation 6 for variable values of X;and Y; for an X-Y
image-space matrix. The value of ¢, the phase of the
wavefront, is derived from the aforementioned compu-
tation of ¢ in accordance with Equation 4.

Y coordinate values are referenced to the flight path
37 (the X axis), whereby the value of Y, 1s zero.

The integration distance “2L” 1s selected arbitrarily
in accordance with the resolution desired. Vehicle dis-
placement X, is derived from the measured values of
vehicle speed indicated by the signal on line 44 and
phase difference ¢3; as indicated by the first phase dif-
ference signal on hine 34.

From successive received values of the phase differ-
ence signal ¢2; on line 34 separated in time by an inter-
val At, the signal processor 30 determines A¢7;. From
the speed indication signal on line 44 having a value v,
the signal processor determines the change in displace-
ment AX,=vVAt over the interval At. At 1s measured by
the internal clock of the signal processor 30. From these
determinations, the signal processor 30 further deter-
mines a factor “A” defining the relationship between
Adri and X, to wit:

A=AX./Ad), or (Eq. 9)

A=vAt/Ad21. (Eg. 10)

“A” is the reciprocal of the slope of the ¢31 vs. X,
curve (FIG. 3). By monitoring the value of “A”, the
signal processor 30 determines when the vehicle 32 has
moved past the point of closest approach 39 and thereby
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determines when the ¢3; vs X, curve 1s 1n the segment
corresponding to the movement of the vehicle 32
through the point 39.

Since

o=AP21, (Eq. 11)
when the vehicle 32 is moving in a straight line at a
constant speed past the point 39, substituting Equation
10 into Equation 11 yields:

Xo=vAtd21/8¢3] (Eq. 12)

~ Since v, At, d21 and Ady) are all measured values, X,
is computed continuously in accordance with the mea-
sured speed of the airplane 32.

From the computed values of image intensity |U|?
over the X-Y coordinate image-space matrix, the signal
processor provides imaging signals on line 45 to the
video display device 26. The video display device 26
responds to the imaging signals on line 45 by providing
an image-space display of computed image intensity
| U|2 over the X-Y coordinate matrix. The location of
the source 36 is determined by examining the image-
space display image to locate the point of greatest image
intensity in relation to the location X, of the airplane 32.
The location X, is also indicated by the imaging signals
on line 45 and displayed by the video display 26 in
response to such signals.

The signal processor 30 further computes the object-
space coordinate R of the radiation source 36 in relation
to the location X, of the airplane 32.

The coordinate R corresponding to the distance of
the radiation source 36 from the flight path 37 is com-
puted by the signal processor in accordance with the

focusing condition equation.

1/f=1/R+1/P (Eq. 13)
or .

R=1/(1/f—1/P) (Eq. 14)

The distance P is determined from the image-space
display by observing the location of greatest image
intensity in the display; and the value of the distance P
is input to the signal processor 30. The focal length f 1s
predetermined in order to compute image intensity
|'U |2 in accordance with Equation 6. Alternatively the
signal processor profiles computed values of image
intensity and their respective coordinates to determine
the coordinates in image-space where image intensity
|'U|2is at a maximum and provides the value of P from
such determination. | |

The X coordinate of the radiation source 36 X, 1s at

the zero value reference point, as shown in FIG. 3.
- The signal processor 30 further provides imaging
signals on line 45 derived from the computation of the
coordinates X, and R to the video display device to
cause the video display device to alternatively display
an object-space image of the radiation source 36 in
relation to the location X, of the airplane 32, as com-
puted in accordance with Equation 12.

The system of FIG. 1 utilizes the third receiving
antenna 13 and the second phase sensitive receiver 22 to
provide a check for any yaw of the airplane 32. Refer-
ring to FIG. 1, the second phase sensitive receiver 22 1s
coupled to the second receiving antenna 12 and the
third receiving antenna 13, and provides a second phase
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difference signal on a line 46 to the signal processor 30
in response to the second and third receiver signals
provided by the second and third antennas 12, 13. The
second phase difference signal on the line 46 indicates
the phase difference ¢32 between the wavefronts of the
radiation of the given wavelength received by the sec-
ond and third antennas 12, 13. The phase difference ¢3
indicated by the second phase difference signal on the
line 46 is proportional to the difference between the
respective ranges from the second and third antennas
12, 13 to the source of the received radiation when the
radiation is radiated spherically from the source.

The signal processor 30 compares the phase differ-
ence ¢31 indicated by the first phase difference signal on
line 34 at a time t, when the first and second antennas
11, 12 occupy a given absolute position in space, to the
phase difference ¢32 indicated by the second phase dif-
ference signal on the line 45 at the time t,+4 At that the
second and third antennas 12, 13 would occupy the
same position in space if the motion of the airplane 32
were in a straight line. Thus, if the flight path 37 is a
straight line and the radiation source 36 1s stationary,

$21(20) = P32 (1o-+ A). (Eq. 15)

Any deviation from equality of ¢2;1 (ty) and ¢21 (1o+ At)
is an indication that the airplane is turning, and a correc-
tion is made to the measured data by the signal proces-
sor 30 to compensate for the yaw of the airplane.

It is assumed that the interval At between the mea-
surements of ¢21 and 3z is sufficiently small that phase
changes caused by translation toward the source are not
significant. This assumption is reasonable because the
incident wavefront arrives from directions that are ap-
proximately orthogonal to the flight path 37; provided
that the angel ¢ is not less than approximately 45 de-
grees.

The system of the present invention is passive. It does
not radiate.

The system of the present invention does not require
a local oscillator to provide a reference signal. The
system is self-referencing. The reference is derived from
the source of the received radiation of the given wave-
length A. Therefore, any atmospheric and multipath
effects on the received signals are present in the radia-
tion fields received by all of the receiving antennas.
Any reference signal provided by a local oscillator on
board the vehicle would not contain any atmospheric
effects.

The system of the present invention is coherent for
each separate source of radiation of the given wave-
length A; but distinct non-coherent sources of such radi-
ation can be non-coherently processed. Thus speckle
noise or coherent breaking would be reduced.

We claim:

1. A vehicle-mounted system for locating a source of
electromagnetic radiation having a given wavelength,
comprising |

first and second receiving antennas mounted to a

vehicle and spaced apart from each other by a
predetermined distance in the principal direction of
motion associated with said vehicle for respec-
tively providing first and second received signals in
response to a wavefront of electromagnetic radia-
tion having said given wavelength received by the
first and second antennas;

a first phase sensitive receiver coupled to the first and

second antennas for responding to the first and
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second recetved signals by providing a first phase
difference signal that indicates a phase difference
¢d21 between the wavefronts of the radiation of the
given wavelength received by the respective first
and second antennas when said received radiation
is radiated spherically from said source, whereby
the value of the first phase difference signal varies
as the vehicle moves in a straight line;

means operable when said vehicle is moving for mea-

suring the speed of said vehicle; and
a signal processor for processing the values of the

first phase difference signal provided as the vehicle
moves in a straight line past its point of closest
approach to said radiation source in combination
with said vehicle speed measurement to provide
imaging signals for visible display of an image of
said source in relation to the location of said vehi-
cle.

2. The system according to claim 1, wherein the sig-

nal processor

integrates said phase difference signal over a given
distance along the path of motion of the vehicle as
determined in response to said vehicle speed mea-
surement to compute the value of the phase of said
wavefront, compuies image intensity In accor-
dance with said computed phase of the wavefront
value and said vehicle speed measurement for an
image-space coordinate matrix, computes object-
space coordinates of said source in response to said
image intensity computations, and provides said
imaging signals for displaying a visible object-
space image of said source in accordance with said
computed object-space coordinates.

3. A system according to claim 2, further comprising

display means responsive to said imaging signals for
providing said visible object-space display.

4. A system according to claim 1, further comprising

display means responsive to said imaging signals for
providing said visible display.

S. A system according to claim 1, further comprising

a third receiving antenna mounted to said vehicle and
spaced apart from the second antenna by the prede-
termined distance 1n the principal direction of mo-
tion associated with said vehicle for providing a
third received signal in response to said wavefront
of electromagnetic radiation having said given
wavelength received by the third antenna;

a second phase sensitive receiver coupled to the sec-
ond and third antennas for responding to the sec-
ond and third received signals by providing a sec-
ond phase difference signal that indicates a phase
difference ¢33 between the wavefronts of the radia-
tion of the given wavelength received by the re-
spective second and third antennas when said re-
ceived radiation is radiated spherically from said
source, whereby the value of the second phase
difference signal varies as the vehicle moves in a
straight hine; and |

wherein the signal processor i1s coupled to the first
and second phase sensitive receivers for comparing
the phase difference ¢31 at a time when the first and
second antennas occupy a given absolute position
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in space, to the phase difference ¢33 at the time that
the second and third antennas would occupy the
same position if the motion of said vehicle were 1n
a straight line, to provide an indication of vehicle
yaw.

6. In a vehicle-mounted system for locating a source
of spherically-radiated electromagnetic radiation in-
cluding a vehicle, a pair of receiving antenna means
mounted to the vehicle in spaced relationship in the

direction of principal motion of the vehicle for provid-
ing receilved signals in response to spherically-radiated

electromagnetic radiation emanating from a radiation
source, receiving means responsive to the received sig-

nals for providing a phase difference signal indicative of

a phase difference proportional to the difference in
ranges between the receiving antenna means and a
wavefront of radiation emanating from said radiation
source, and means for providing a measurement of the
speed of said vehicle, wherein the improvement com-
prises:

signal means for providing 1imaging signals for display

of an image of said radiation source in relation to a
position of said vehicle based upon said phase dif-
ference signal and said measured speed.

7. The improvement of claim 6, wherein said signal
means includes processing means for:

determining a phase of said wavefront based upon

integration of said phase difference signal over a
given distance travelled by said vehicle along a
path of motion past said radiation source;

determining image intensity for a predetermined im-

age-space coordinate matrix based upon said com-
puted wavefront phase and said measurement of
speed;

determining object-space coordinates of said radia-

tion source based upon said image intensity deter-
mination; and

providing said imaging signals in a format for display-

ing an object-space image of said radiation source
in accordance with said computed object-space
coordinates.

8. The improvement of claim 7, further comprising
display means responsive to said imaging signals for
displaying said object-space image.

9. The improvement of claim 6, wherein said signal
means includes processing means for determining a
phase of said wavefront based upon integration of said
phase difference signal over a given distance travelled
by said vehicle along a path of motion past said radia-
tion source and determining image intensity for a prede-
termined image-space coordinate matrix based upon
said computed wavefront phase and said measurement
of speed; and

said improvement further includes display means

responsive to said image intensity determination
for providing an image-space display of determined
image intensity over said coordinate matrix.

10. The improvement of claim 6, further comprising:

display means responsive to said mmaging signals for

providing said image display.
%k % X * =
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